The study of free-living nitrogen-fixing organisms in bulk soil is hampered by the great diversity of soil microbial communities and the difficulty of relating nitrogen fixation activities to individual members of the diazotroph populations. We developed a molecular method that allows analysis of nifH mRNA expression in soil in parallel with determinations of nitrogen-fixing activity and bacterial growth. In this study, Azotobacter vinelandii growing in sterile soil and liquid culture served as a model system for nifH expression, in which sucrose served as the carbon source and provided nitrogen-limited conditions, while amendments of NH 4 NO 3 were used to suppress nitrogen fixation. Soil RNA extraction was performed with a new optimized direct extraction protocol that yielded nondegraded total RNA. The RNA extracts were of high purity, free of DNA contamination, and allowed highly sensitive and specific detection of nifH mRNA by a reverse transcription-PCR. The level of nifH gene expression was estimated by PCR amplification of reverse-transcribed nifH mRNA fragments with A. vinelandii-specific nifH primers. This new approach revealed that nifH gene expression was positively correlated with bulk nitrogen fixation activity in soil (r 2 ‫؍‬ 0.72) and in liquid culture (r 2 ‫؍‬ 0.84) and therefore is a powerful tool for studying specific regulation of gene expression directly in the soil environment.
Fixation of atmospheric nitrogen (N) by free-living soil microorganisms is considered a minor source of bioavailable nitrogen compared to systems such as the Rhizobium-legume and Frankia-alder symbioses (22, 40) . However, a capacity for asymbiotic N fixation is present in most soils (25, 42, 47, 51, 56) , and potential soil diazotrophs are found in diverse bacterial groups, such as the Proteobacteria, the cyanobacteria, and the Firmicutes (42, 56, 57) . Anthropogenic activities have led to increased nitrogen fertilization and atmospheric deposition of bioavailable nitrogen (NH 4 ϩ , NO 3 Ϫ ), thus reducing the extent of N limitation in many ecosystems. On the other hand, N fixation activities of free-living microorganisms can be induced or stimulated locally by increasing the C/N ratios or availability of suitable easily degradable C sources (21, 24, 43) , such as decaying plant material or root exudates (40) . Nitrogen-limited conditions may also be induced after application of organic amendments in agricultural systems (e.g., after straw incorporation into soil) (33, 46) . The temporal and spatial niches and nutritional requirements for optimal activity of free-living diazotrophs remain largely unknown, and the role of these organisms in soil nutrient cycling is still poorly understood.
Most methods in classical microbiology require cultivation of the organism being studied and provide only limited information on in situ activities. In contrast, DNA-and RNAtargeting techniques allow in situ analysis of microbial community structures and activities in the soil environment (3, 17) .
DNA sequences with high phylogenetic information contents, like rRNA genes, have been used for community description and have greatly increased our knowledge of microbial diversity in the environment (37) . More recently, functional genes (e.g., the nifH gene as a marker for N fixation) have also been used for this purpose (41, 56, 59 ). While DNA-based studies mainly provide information on community structure, studies of RNA and specifically analyses of mRNA expression provide additional information on activities of specific populations (17) . Many studies have focused on describing gene expression and regulatory mechanisms in laboratory cultures. However, culture conditions differ greatly from the conditions in the natural soil environment; therefore, there is an increasing need to investigate gene expression directly in soil.
A more detailed understanding of the dynamics of N-fixing populations, the activities of specific groups, and the conditions required for induction of their N-fixing activities in soil may aid in devising and optimizing nitrogen management strategies for sustainable low-input farming and forestry. Although strategies based on deliberate release (4, 22) or stimulation of the natural diazotroph population (20, 21) have yielded variable results in the past, such strategies have considerable potential (21, 22) . In order to advance research in this area, development of tools that allow in situ studies of gene expression and activities in the soil matrix is required.
In order to study gene expression in soil, a robust protocol for extraction of total RNA (more specifically, nondegraded mRNA) is essential. However, only a small number of studies have reported successful analyses of mRNA isolated from soil or sediment (9, 15, 19, 27, 29, 35, 53) , and there have been no reports that directly link expression of genes involved in N fixation to an assay of nitrogenase activity in soil. Moreover, in most previous investigations high-density inoculation or very active communities were required in order to reliably detect mRNA. Reliable extraction of mRNA from soil is still considered a challenge in soil microbiological research (17) . Recent progress in extraction technology, however, has shown that the approach is feasible (19) .
Here we describe an effective total RNA extraction protocol based on a previously described direct extraction procedure for total nucleic acids (8) . Azotobacter vinelandii, an aerobic freeliving soil diazotroph, was cultivated in a previously sterilized soil and in liquid culture. This system was used to establish and verify a method for nifH mRNA extraction and detection by reverse transcription (RT) and PCR. N fixation was either induced by providing excess organic carbon (sucrose) or repressed by providing excess bioavailable N (NH 4 NO 3 ). Population growth, bulk N-fixing activities, and nifH mRNA expression were monitored and compared in order to link nifH gene expression to N-fixing activity in a soil environment.
MATERIALS AND METHODS
Preparation of A. vinelandii inoculum. Inoculum for liquid medium and sterile soil microcosms was prepared by growing A. vinelandii strain DSM 85 (German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) to the late log phase (approximately 5 ϫ 10 7 cells ml Ϫ1 ) in ATCC 14 medium (American Type Culture Collection, Manassas, Va.). Cells were centrifuged (10 min at 550 ϫ g and 10°C) and resuspended in sterile saline (0.1% NaCl). The cell concentration of the inoculum was determined by direct cell counting with a Zeiss Axioplan microscope (Zeiss, Oberkochen, Germany) and a bright line counting chamber (Hausser Scientific, Horsham, Pa.). The cell concentration of the inoculum was adjusted to 10 5 cells ml Ϫ1 with sterile saline. Preparation of liquid medium microcosms. Liquid medium microcosms were prepared in 250-ml baffled Erlenmeyer flasks closed with cotton stoppers. The culture medium (ATCC 14 medium) contained 2% sucrose as a carbon source. One milliliter of inoculum was added to 99 ml of liquid medium, resulting in a starting concentration of 1 ϫ 10 3 cells ml Ϫ1 . Liquid culture treatments that received 1 ml of filter-sterilized 2 M NH 4 NO 3 are referred to below as LC ϩN . The LC ϪN treatments received 1 ml of sterile water instead of NH 4 NO 3 . A sterile control (LC control) was identical to the LC ϩN treatment but received 1 ml of sterile saline instead of inoculum (Table 1) .
Preparation of soil microcosms. Soil (Pappelacker) was obtained from Les Barges, Valais, Switzerland. The physical and chemical properties of this soil are as follows: soil unit, calcaric fluvisol (Food and Agriculture Organization); texture, sandy loam (U.S. Department of Agriculture); clay content, 4.2% (54) ; silt content, 20.3% (54); sand content, 75.5% (54); organic C content, 0.8% (54) ; organic N content, 0.09% (54); pH 7.5 (1 M KCl) (this study); water-holding capacity, 44.4% (54) ; and cell content (4Ј,6-diamidino-2-phenylindole [DAPI]-stained cells), 9 ϫ 10 8 Ϯ 1 ϫ 10 8 cells g Ϫ1 (this study). Soil microcosms were prepared in 500-ml infusion bottles. One hundred grams of soil was placed in each bottle, and the bottles were closed with cotton stoppers and sterilized by autoclaving them three times for 30 min at 121°C with 2 days of incubation between autoclaving treatments. A nonsterilized sample was stored at 10°C and used as a reference soil for RNA extraction.
Sucrose crystals (molecular biology grade; Fluka, Buchs, Switzerland) were sterilized by exposure to UV light on a transilluminator (TS-36; UVP Inc., San Gabriel, Calif.) for 20 min. The treatments that received 2 g of sucrose crystals and 1 ml of sterile NH 4 NO 3 (2 M) are referred to below as SC ϩN (Table 1) . One milliliter of inoculum was sprinkled over the soil, resulting in a final concentration of 1 ϫ 10 3 cells g of soil Ϫ1 . The SC ϪN microcosms received 1 ml of sterile water instead of the NH 4 NO 3 solution. A sterile control (SC control) was prepared as described above for the SC ϩN treatment, but it received 1 ml of sterile saline instead of inoculum ( Table 1) . The contents of all microcosms were thoroughly mixed. The final soil water content after inoculation was approximately 40% of the water-holding capacity and remained constant throughout the experiment.
Microcosm incubation conditions and sampling. All microcosms (Table 1 ) were incubated in a climate chamber at 25°C for 1 week in the dark. The liquid medium was agitated on a rotary shaker at 150 rpm.
Samples for direct cell counting, determination of N fixation activity, and determination of ammonium concentration were taken immediately after inoculation and then every 24 h for 3 days. An endpoint measurement was obtained after 7 days. Nucleic acid extractions were performed 2 and 3 days after inoculation and also with the endpoint samples. On days 3 and 7 the liquid cultures were very dense and had accumulated high concentrations of exopolymeric substances. This made both centrifugation and filtration difficult or impossible. Therefore, determination of ammonium concentrations and extraction of nucleic acids could not be performed for some of the samples.
Cell counting. To determine cell counts, a sample of soil or liquid culture was harvested from each microcosm. Direct cell counts in soil were determined by staining with the DNA-specific dye DAPI by using the method of Zarda et al. (58) . Cell numbers and standard deviations were expressed as cells per gram of soil or cells per milliliter of medium.
Nitrogen fixation. Nitrogen fixation was estimated by the acetylene (C 2 H 2 ) reduction assay (2) . Samples of soil (10 g) or culture (10 ml) were transferred into 60-ml serum bottles sealed with butyl stoppers. Approximately 10% of the remaining air volume in each bottle (50 ml) was replaced with 5 ml of acetylene. Incubation was performed under the conditions described above. The ethylene (C 2 H 4 ) concentrations in 0.5-ml headspace samples were determined with an 8000 GC gas chromatograph equipped with a flame ionization detector (Carlo Erba Instruments, Milan, Italy) and a Hayesep N column (100/120 mesh; 2 m by 1.0 mm; BGB Analytik, Anwil, Switzerland) running at 75°C. Three measurements were obtained; the first measurement was obtained 5 min after addition of C 2 H 4 , and then two measurements were obtained at 1-h intervals. The rate of C 2 H 4 production was determined from the slope of the linear regression of time versus C 2 H 4 concentration and was expressed as nanomoles of C 2 H 4 per hour per gram of soil or milliliter of medium. The significance of each rate determined was tested by using Excel's regression analysis tool.
Ammonium concentrations. To determine the soluble ammonium concentration in soil, 1 g of soil was extracted with 1 ml of distilled H 2 O (45). In brief, the slurry was vortexed for 10 s, incubated for 30 min on ice, and vortexed again for 10 s. The supernatant was collected after centrifugation for 10 min at 9,500 ϫ g and 4°C. For liquid medium microcosm samples, cells were removed by centrifugation, and the supernatants were filtered (pore size, 0.2 m). The ammonium RNA extraction. Three subsamples from each soil sample were extracted by a bead beating-based total nucleic acid extraction method (8) . After centrifugation, 850 l of the supernatant was extracted with 1.5 ml of a 1:1 mixture of phenol (pH 8) and chloroform-isoamyl alcohol (24:1) (CIA) and then with 750 l of CIA. Each extracted soil pellet was extracted again with 850 l of fresh buffer and processed as described above. The extracts obtained from the subsamples of each microcosm and by using both extraction procedures were pooled in a 15-ml sterile Falcon tube. Aliquots (800 l) were stored at Ϫ80°C until the end of the 7-day incubation period. Separate aliquots were processed for total nucleic acid and RNA extraction. Nucleic acid extracts were precipitated from thawed aliquots for 1 h at 37°C with 850 l of RNase-free precipitating solution (20% polyethylene glycol, 2.5 M NaCl). After centrifugation at 16,000 ϫ g for 30 min, the pellets were washed once with cold ethanol (70%). For direct use in PCR, pellets containing total nucleic acid extracts were dissolved in 100 l of Tris-EDTA buffer. For preparation of pure RNA extracts, pellets were dissolved in 30 l of 1ϫ reaction buffer containing 3 U of RNasefree DNase I (Promega, Madison, Wis.) and incubated for 30 min at 25°C. DNA digestion was stopped by adding 125 l of RNA extraction reagent (0.6% CTAB, 1 mM DTT, 50 mM sodium acetate [pH 4.5]; treated with 0.1% diethyl pyrocarbonate and autoclaved [10] ). RNA extraction reagent should be at room temperature to avoid CTAB precipitation. Each solution was extracted once with 250 l of a 1:1 mixture of phenol (pH 4.5) and CIA and once with 200 l of CIA. The supernatant (150 l) was transferred to a fresh tube, and then 1 l of glycogen (10 mg ml Ϫ1 ; Amersham Biosciences Europe GmbH, Dübendorf, Switzerland) was added before the RNA was precipitated with 200 l of isopropanol by incubation for 3 min at room temperature and for 3 min on ice. The tubes were centrifuged at 0°C for 10 min at 16,000 ϫ g. The pellets were washed once with 500 l of cold ethanol (70%), air dried, dissolved in 30 l of cold RNasefree water, and stored at Ϫ80°C.
Cells were harvested from liquid medium microcosms by pipetting 10 ml of liquid culture into sterile 15-ml tubes on ice. To stop cell growth and conserve the RNA content, 1 ml of an ethanol-phenol mixture (5% phenol in 96% ethanol) was added. Samples were centrifuged (550 ϫ g, 15 min, 4°C), and the pellets were stored at Ϫ80°C until the end of the experiment. For nucleic acid extraction, samples were thawed on ice, and the cells were resuspended in 1 ml (final volume) (day 2) or 5 ml (final volume) (days 3 and 7) of sterile H 2 O. Aliquots of each suspension (200 l) were lysed with 100 l of proteinase K (6 mg ml Ϫ1 ) and 3 l of sodium dodecyl sulfate (10%) and incubated for 5 min at 37°C. The lysate was extracted once with 300 l of a 1:1 mixture of phenol (pH 8) and CIA and once with 300 l of CIA. Nucleic acids were precipitated with 750 l of ethanol and 30 l of sodium acetate (3 M, pH 5.2) at Ϫ80°C overnight. Centrifugation, RNA cleanup, and storage were then performed as described above for soil.
Quantification and quality of RNA. RNA was quantified with a RiboGreen kit (Molecular Probes, Eugene, Oreg.) by using a method analogous to the method developed for quantification of DNA in soil extracts using Picogreen (8, 48); 1 l of RNA extract or RNA standard and 400 l of RiboGreen (1:4,000 in Tris-ETDA buffer) were combined. Fluorescence was determined with a luminescence spectrophotometer (LS 50 B; Perkin-Elmer, Rotkreuz, Switzerland) by using an excitation wavelength of 480 nm and an emission wavelength of 520 nm. Standards were prepared from the RNA standard solution supplied with the RiboGreen kit.
RNA quality was checked by electrophoresis of 6-l RNA extracts (equivalent to RNA extracted from 0.1 g of soil or 0.4 ml of liquid culture) in 2% agarose gels together with a molecular size marker (1-kb DNA ladder; Life Technologies AG, Basel, Switzerland).
Primer design. A. vinelandii-specific nifH primers were designed at the positions defined by Widmer et al. (56) for nested universal nifH PCR. The primer sequences were designed by using previously published nifH sequences for A. vinelandii (GenBank accession numbers M11579 and M20568). The sequence of primer nifH-g1-forB (forward) was GGTTGTGACCCGAAAGCTGA, and the sequence of primer nifH-g1-rev (reverse) was GCGTACATGGCCATCATCTC.
Comparison of these primer sequences with sequences in the GenBank database verified the specificity of the primer set for previously published A. vinelandii nifH sequences.
RT and PCR. Most RNA samples were diluted to a concentration of 3 g ml
Ϫ1
prior to RT; the only exceptions were reference soil samples (reference soil DNA concentration, 66 ng l Ϫ1 ; reference soil RNA concentration, 32 ng l Ϫ1 ). To remove secondary structure, a 5-l aliquot of each of the RNA extracts was heated for 3 min at 65°C and immediately placed on ice. For cDNA synthesis, 20 l of the RT reaction mixture (13) was added. The RT reaction mixture contained 50 mM KCl, 10 mM Tris (pH 8), 1.5 mM MgCl 2 , each deoxynucleoside triphosphate at a concentration of 0.1 mM, 15 U of avian myeloblastosis virus (AMV) reverse transcriptase (Amersham Biosciences), and 0.1 M primer. The primer used for cDNA synthesis from nifH mRNA was nifH-␥1-rev, and the primer used for cDNA synthesis from small-subunit (SSU) rRNA was uni-b-rev (3, 7) (GACGGGCGGTGTGTRCAA; Microsynth, Balgach, Switzerland). The reaction mixtures were incubated for 5 min at 25°C and then at 42°C for 1 h. AMV was inactivated by heating the reaction mixtures at 95°C for 5 min before samples were stored at Ϫ20°C. To test for DNA contamination of the RNA extracts, control reaction mixtures were prepared as described above, but AMV reverse transcriptase was not added.
PCR conditions were adjusted to allow for sensitive detection of A. vinelandii nifH (data not shown). To allow for relative quantification of nifH mRNA, preliminary experiments were carried out with stepwise reduction of the number of PCR cycles to determine the maximum cycle number at which none of the samples reached the amplification plateau. For amplification of nifH cDNA, 1 l of the RT reaction product was used in a subsequent PCR. The reaction mixture (final volume, 50 l) contained 0.8 mM MgCl 2 , each deoxynucleoside triphosphate at a concentration of 0.2 mM, 0.2 M primer nifH-g1-forB, 0.2 M primer nifH-g1-rev, 5 mg of bovine serum albumin per ml, and 1ϫ PCR buffer (Amersham Biosciences). Taq DNA polymerase (1 U) was added to the PCR mixture under hot-start conditions (56) . The reaction conditions were 43 cycles of denaturation at 95°C for 11 s and at 92°C for 15s, annealing at 58°C for 8 s and at 60°C for 30 s, and extension at 74°C for 8 s and at 72°C for 10 s, followed by a final extension at 72°C for 5 min.
cDNA of SSU rRNA was amplified with bacterial SSU rRNA gene-specific primers (EUB338-for [3] and uni-b-rev) by using a previously described protocol (8) , except that 35 cycles were used. Reaction products (nifH, 0.37 kb; bacterial SSU rRNA, 1.07 kb) were visualized with ethidium bromide DNA staining following agarose gel electrophoresis. Fragment sizes were confirmed by comparison with a 1-kb DNA ladder molecular weight marker (Life Technologies AG).
The intensities of RT-PCR products on agarose gels were quantified with the GelDoc 2000 system and the volume tool of the QuantityOne software (Bio-Rad, Hercules, Calif.). A background value was subtracted by using an average background reading from an empty lane at the position of the PCR product band. Data were expressed in arbitrary units of intensity per square millimeter.
Restriction fragment length polymorphism analyses (56) of RT-PCR-amplified bacterial SSU rRNA extracted after 7 days (soil) or after 3 days (liquid culture) indicated that all treatments still contained pure cultures of A. vinelandii (data not shown).
RESULTS AND DISCUSSION
RNA extraction. In a number of studies, mRNA extracted from soil or sediment has been analyzed by using both specific detection of functional genes (5, 15, 19, 27, 35, 53) and differential display based on arbitrary primers (15) . However, in a recent review Sayler et al. (49) noted the small number of studies that have been initiated to relate mRNA levels to specific microbial activities in soil (14, 15, 36) . It is clear that the use of mRNA analysis as a standard tool in soil microbial ecology is still hindered by methodological difficulties. The objective of the present study was to develop and validate a set of methods which allow a combination of molecular analysis of nifH mRNA and measurement of cell numbers and enzymatic activities.
The protocol developed for soil RNA extraction yielded high-quality total RNA, as indicated by sharp bands of SSU and large-subunit rRNA and a lack of visible DNA contamination in the extracts (Fig. 1A) . The suitability of extracted RNA for RT was demonstrated by RT-PCR of bacterial SSU rRNA. All samples yielded strong amplicons of the expected size (1,070 bp) (Fig. 1B) . Control reactions in which the mixtures did not contain AMV reverse transcriptase in the RT step were performed to test for DNA contamination and were always negative (Fig. 1C) . Only reference soil total nucleic acid extract yielded the expected positive PCR amplification. The presence of nifH mRNA was demonstrated by A. vinelandiispecific nifH RT-PCR, which yielded amplicons of the expected size (approximately 371 bp) with all samples (Fig. 1D) .
Complete removal of DNA is crucial for highly sensitive RT-PCR assays, especially considering that high cycle numbers are necessary for amplification of nifH transcripts from soil. Therefore, several alternative methods for DNA removal were tested. To obtain pure RNA from the initial total nucleic acid extracts, DNA was selectively removed by combined use of DNase digestion and acid phenol extraction (6, 13) , which proved to be more efficient than either method used individually. Skipping the DNase digestion step resulted in RNA extracts that appeared to be DNA free upon visual inspection after gel electrophoreses. However, positive amplification was observed in control RT-PCR mixtures not containing AMV reverse transcriptase, indicating that there was residual contamination with DNA (data not shown). Replacing the acid phenol extraction step with heat inactivation of the added DNase resulted in extracts with which the RT-PCR procedure was frequently unsuccessful. Similarly, the use of commercially available spin columns for DNA removal from the initial extracts also resulted in unsatisfactory RNA cleanup (data not shown).
RNA quantification with RiboGreen was very reliable and sensitive. Addition of the RNA standard to RNA extracts indicated that there was a small quenching effect (Ͻ15%) that increased with cell density and was similar for soil and liquid culture extracts (data not shown). The reproducibility of the cleanup procedure and the potential for RNA degradation during storage were evaluated by repeating the protocol with raw extracts that had been stored for 4 months. Although the RNA concentrations in the second extraction were about 78% of those in the initial extraction, the concentration differences between samples were highly consistent (Fig. 2A) . The RNA yield from soil increased with time for all treatments (Fig. 2B) . The SC ϪN treatment with induced N-fixing populations yielded higher RNA concentrations at days 2 and 3. However, the highest RNA yields, 1.5 and 2.5 g g Ϫ1 , were obtained on day 7 with the NH 4 NO 3 -amended SC ϩN treatment (Fig. 2B ). The RNA contents in soil were strongly determined by cell density (r 2 ϭ 0.83, P ϭ 0.01). However, the extractable RNA content per cell was highest for both soil treatments on day 2 (SC ϪN , 41 and 36 ng of RNA per 10 6 cells; SC ϩN , 14 and 13 ng of RNA per 10 6 cells) and subsequently decreased to about 5 ng of RNA per 10 6 cells at days 3 and 7 for all treatments. The protocol described here emphasizes purity and quality over a high yield of extracted RNA. Nevertheless, when our RNA extraction method was tested with the nonsterile reference soil, the RNA yield (4.0 g g of soil Ϫ1 ) was comparable to the yields obtained by previously described methods, which were between 1 and 3 g g of soil Ϫ1 (6, 30, 53) . Higher yields were reported by Hurt et al. (19) , who obtained yields ranging from 7.3 to 56.1 g g Ϫ1 for several soil samples. Sessitsch et al. (50) compared three different methods and various pretreatments and reported yields that were between 0.64 and 9.94 g g Ϫ1 . However, data for cell numbers or biomass in these soils are not available, and different methods of RNA quantification were used, making a direct comparison difficult. A more detailed comparison of RNA yields obtained by different methods and with different soils may help define optimal extraction protocols for specific systems and research questions.
Our method for soil RNA extraction has a number of advantages over previously described protocols. It is based on optimized nucleic acid extraction with a highly efficient and fast bead beating method (8) , and only small amounts (0.5 g) of soil 
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on October 14, 2017 by guest http://aem.asm.org/ are used. The extraction buffer allows both soil DNA and total soil RNA isolation due to the nuclease (protein)-denaturing capacities of CTAB and DTT and the rapid application of the phenol-chloroform extraction procedure (10, 13) . Since the RNA cleanup procedure is a separate step of the protocol, the method is well suited for simultaneous analyses of DNA and RNA from the same total nucleic acid extract. In addition, successful nifH mRNA amplification after 4 months of storage of raw extracts (data not shown) showed that mRNA is protected in phenol-chloroform-treated raw extracts kept at Ϫ80°C. Temporally separating the initial extraction procedure from the cleanup protocol should facilitate future experiments with higher numbers of samples or field studies. Physiological response: growth and ammonium uptake by A. vinelandii. Data from all sampling dates revealed that NH 4 NO 3 addition induced different growth responses in soil and liquid culture. Between day 2 and day 3 the cell densities of A. vinelandii in soil were still lower than those in liquid culture (Fig. 3A) . In soil, however, considerable growth was observed between day 3 and day 7, and for both soil treatments the cell densities were higher than the cell densities for the LC ϪN treatment at day 7 (Fig. 3A) . In soil, the cell densities were higher for the SC ϪN treatment than for the SC ϩN treatment throughout the experiment, but the reverse was true for the liquid medium microcosms (Fig. 3A) . No cell growth was observed in the sterile controls included for soil and for liquid cultures.
Direct cell counting with DAPI staining provided a simple means for accurately and comparably determining cell densities in both liquid and soil cultures. A. vinelandii grew well in both systems. While there has been considerable work on growth and nitrogen fixation by A. vinelandii in liquid cultures in defined and undefined media (1, 31, 34, 38) , the physiology of this organism in soil has not been described in detail. Experiments with Azotobacter chroococcum revealed growth (39), we calculated the expected reduction in the ammonium concentration based on the measured cell densities. Based on this calculation, the N content of the biomass after 7 days represented about 50% of the added ammonium for both the LC ϩN and SC ϩN treatments, indicating that the added ammonium was sufficient to account for the observed biomass production. The relatively high ammonium concentration in soil even after 7 days indicated that there was resupply of the extractable ammonium pool from soil-bound ammonium.
These data suggested that a model system was established which provided suitable growth conditions for A. vinelandii while maintaining either nitrogen-limited or nitrogen-excess conditions in the different treatments. The different growth responses to NH 4 NO 3 addition depending on the matrix (soil or liquid culture) demonstrated the importance of in situ studies of physiology and gene regulation in soil habitats.
N fixation and detection of nifH gene expression. In all preparations to which NH 4 NO 3 was added (LC ϩN and SC ϩN ), the N fixation activity remained very low (Ͻ2 nmol of C 2 H 4 h Ϫ1 g Ϫ1 ) throughout the experiment (Fig. 3B) . For the SC ϩN treatment, low N fixation activity was observed, and the activity increased slightly over time; for the LC ϩN treatment and sterile controls the rates of ethylene formation remained below 0.1 nmol of C 2 H 4 h Ϫ1 g Ϫ1 (Fig. 3B ) and were not significant (P ϭ 0.05). The highest activities were observed during the early growth phase for the LC ϪN and SC ϪN treatments, on day 2 for the LC ϪN treatments (199 and 169 nmol h Ϫ1 ml Ϫ1 ) and on day 3 for the SC ϪN treatments (160 and 247 nmol h Ϫ1 g Ϫ1 ). After these maxima, the N fixation rates decreased to 0.3 and 0.2 nmol h Ϫ1 g Ϫ1 for the LC ϪN treatments and to 2.5 and 0.9 nmol h Ϫ1 g Ϫ1 for the SC ϪN treatments at day 7. Our observations are in agreement with previous studies showing that additions of ammonium and nitrate result in strong regulatory effects on the N fixation process (12, 23, 31) .
Direct quantification of PCR products from band intensities on gels or blots is frequently used as a simple method for quantification of DNA template concentrations in soil (5, 16, 55) . A number of precautions were taken to ensure that RT-PCR could be used as a semiquantitative method to determine expression of nifH in soil. The RT conditions were constant for all samples. By adjusting the number of PCR cycles in preliminary experiments we ensured that PCR amplification did not reach a plateau in any of the samples. In addition, a separate dilution experiment showed that the measured product intensity of A. vinelandii nifH PCR products was linearly related to the logarithm of the template concentration (r 2 ϭ 0.97) (data not shown). In a pure-culture system such as the one used in this study, the intensity of the A. vinelandii nifH-specific RT-PCR product can be used to directly obtain a semiquantitative measure of the amount of nifH mRNA, while amplification from community DNA may require the use of specific probes to ensure specific quantification (5) . Due to the great range of cell densities and the presumably different RNA extraction efficiencies for soil and liquid cultures, it is not feasible to use absolute quantification of mRNA templates. Consequently, mRNA samples from all sampling dates and treatments were adjusted to a total RNA concentration of 3 g ml Ϫ1 prior to RT-PCR detection of A. vinelandii nifH. Quantification of RT-PCR amplicons from the diluted extracts was therefore relative to the total RNA content and thus a measure of the relative expression of the functional gene.
Transcripts of nifH were detected in diluted RNA samples analyzed from day 2 onward (Fig. 3C ). Transcripts were detected in treatments with and without NH 4 NO 3 amendment, but the intensities of the signals for the nitrogen-fixing LC ϪN 
and SC
ϪN treatments were approximately twice the intensities of the signals for the nonamended treatments on days 2 and 3 (Fig. 3C) . According to the regression analysis for the template dilution experiment, a doubling of the signal strength corresponded to a template increase of approximately 2.5 orders of magnitude. The intensity of the RT-PCR product correlated significantly (P ϭ 0.01) with the logarithm of the observed specific N fixation activity (Fig. 4) , and the correlation coefficients for the exponential fitting functions were comparable in liquid cultures (r 2 ϭ 0.84) and soil (r 2 ϭ 0.72). It is well known that expression of all nitrogenase systems is repressed by high cellular concentrations of fixed nitrogen (28) . We therefore expected strongly reduced N fixation activities and reductions in nifH mRNA levels in the LC ϩN and SC ϩN treatments. Although the N fixation activities remained below the detection limit for the LC ϩN treatments and never reached more than 1% of the maximum activity for the SC ϩN treatments (Fig. 3B) , considerable levels of nifH mRNA were detected (Fig. 3C ). This observation was consistent with reports indicating that expression of nifH can take place in the presence of relatively high levels of fixed nitrogen, as previously demonstrated for Rhodobacter capsulatus, in which nifH expression could be detected at ammonium concentrations of up to 12.5 mM (18) . A possible explanation for this observation is the presence of posttranslational regulation mechanisms that have been described for many known diazotrophs (26) . Whether transcription of nifH is more stringently regulated in natural VOL. 69, 2003 A. VINELANDII nifH ACTIVITY IN SOIL AND LIQUID CULTURE 1933 soil systems, which are more oligotrophic in nature than our sucrose-amended system, remains to be studied. Despite the relatively small number of samples and low resolution on the time scale, we were able to clearly show effects of the presence of ammonium in a soil system on the expression of nifH mRNA in A. vinelandii. This represents an important step toward the study of gene regulation and a more detailed understanding of microbial processes in soil. The combination of specific mRNA and bulk activity detection in natural soils provide a powerful tool to examine activities and processes in complex soil microbial communities. The combination of specific real-time PCR and the methods that have been developed should provide an even more powerful method of quantification for RT-PCR, but the procedure requires considerable optimization (11, 52) .
Conclusions. Our results obtained with the newly developed methods suggested that detection of active members of natural soil microbial communities is feasible. However, detection of background levels of nifH mRNA from A. vinelandii populations that did not exhibit detectable N fixation also suggests that results obtained from environmental samples must be interpreted with caution. A combined approach in which both molecular tools and measurement of enzymatic activity are used is necessary when complex microbial communities are studied. The A. vinelandii pure culture in combination with the methods developed for RNA extraction and nifH mRNA detection provided a suitable model system for relating cell number, nifH mRNA expression, and enzymatic activity in soil by using N fixation as a model function.
